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Chapter 4  
Application of Proton Beam Fabricated 
Biochips for Single Cell Electroporation 
Among all the cell transfection techniques, cell electroporation is considered the 
transfection technique with high success rate. Studying the individual cells can provide a 
wealth of information and insight typically obscured by bulk measurements. However, in 
order to achieve the information of the single cells, the proper design, fabrication 
technique and instruments have to be studied. Here, we report the single cell 
electroporation using proton beam fabricated biochips. In this chapter, the design and 
fabrication for the biochips are described. The electrode fabrication protocols on glass 
substrate are also mentioned. Followed which the new electroporation system setup and 
methods for our biochip experiments are introduced. The optimization results, 
conclusions and comments are reported in the last part of this chapter. 
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4.1  Biochips design for Single cell Electroporation purpose 
Electroporation is the transfection technique using quick electrical pulses to stimulate 
cells to open their membrane pores. The pulses are normally given through parallel 
conductive electrodes which the cells are placed in between. Since the electrical pulses 
play the most important role in this technique, the design of the device and electrode then 
become crucial, and a well designed device will lead to the successful results. Here we 
present the design of our novel electroporation biochip for single cell electroporation 
(figure 4.1). The device is made on a circular glass substrate which is compatible with 
cell adhesion and growth, and incorporates micron-size conductive electrodes. The 
biochip is designed to be easy to use, and also reusable. 
 
Figure 4.1 Design of the biochips for single-cell electroporation. The structure 
consists of 8 conducting circular shape pads linked to 4 electrode pairs in the 
centre of the chip with conducting lines. The electroporation experiments are 
conducted on adherent cells between the electrodes. 
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  The biochip consists of eight conducting 1800-m-diameter circular pads used for 
external contact with electric probes (shown in figure 4.1). The circular pads are 
connected to the electrodes via 50-m wide conducting lines.  The gap between each pair 
of electrodes is 50 μm and is fabricated by PBW in order to achieve high aspect ratio and 
straight-sided wall structures. The 50 μm-electrode gap is compatible with single cell 
electroporation of Mouse Neuroblastoma (N2a) cells which are normally about 10 μm in 
size; therefore, the cells will be able to grow comfortably without squeezing or 
overlapping with each other when they are in between the electrodes. Another advantage 
of the small gap size is that low applied electrode voltages are sufficient to electroporate 
cells.  
  Two lithographic techniques, standard UV lithography and PBW, were involved in 
the chip fabrication. The more precise PBW method was used to fabricate the 4 pairs of 
the electrodes at the centre of the biochip. The other parts, circular pads and conducting 
lines, were not fabricated by PBW since precise geometry and sidewall quality was not 
necessary for these parts. UV lithography was therefore used in the fabrication of these 
areas. Further details about the fabrication will be described in the next section. 
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4.2 Biochip fabrication 
In this section, all the preparation techniques and procedures for biochip fabrication will 
be described in detail starting from substrate preparation, sputtering technique, and nickel 
electroplating technique as well as further details involving PBW, e.g. image file 
preparation, which was not mentioned in the previous chapter. The entire process for 
biochip fabrication is summarized in figure 4.6. 
4.2.1  Nickel electroplating 
The conductive parts and the electrodes on the biochip are designed to be ~ 7 μm thick. 
In order to provide electric pulses between the electrode plates, the electrodes have to be 
conductive, and the conducting parts are fabricated from the PBW exposed resist 
templates. Electroplating is the technique used to deposit specific material such as Nickel 
(Ni) or Copper (Cu) to form the conducting structures. Among all the deposited 
materials, Ni has been commonly used for electroplating due to its excellent 
electroplating properties. The aqueous-metal solution is typically made of nickel, Ni2+, 
hydrogen, H+ and sulphate ions, . Ni ions are attracted to the negatively biased 
cathode and receive free electrons upon their arrival. The Ni ions are converted into 
metallic nickel and deposit at the cathode surface to form a thin Ni layer. Meanwhile, the 
nickel anode (sulphur depolarised nickel pellets loaded into titanium basket) is consumed 
to replenish the plating solution of the ions through electrochemical etching. The plating 
process may also produce hydrogen gas because hydrogen ions also gain electrons from 
the cathode and form bubbles. This is an undesired product as the bubbles can obstruct 
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the deposition thereby lowering the plating efficiency. Figure 4.2 illustrate typical setup 
for nickel electroplating. 
 The electroplating requires the sample to have an adequate metallic seed layer. It has 
been studied by van Kan et al. [30, 34] that protons are not affected by the underlying 
substrates and no proximity effects have been observed. Therefore, any metallic layers 
can be used. Our glass cover slip was pre-coated with thin Au and Cr layer to form a 
conductive layer which is crucial for nickel electroplating.  
 
Figure 4.2 Illustration of typical setup for nickel plating. The electrical voltage is 
given across two electrodes, the nickel pellets are at anode giving Ni2+ to the 
solution while the conductive substrate is at cathode receiving the ion deposited 
on the surface. 
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  The plating has been carried out using a typical Ni sulfamate bath solution with 
sodium-dodecyl-ether-sulphate wetting agent and without organic additives using a 
Technotrans AG, RD.50 plating system installed in the CIBA clean room (1000 P/ft2). 
Nickel sulfamate is the primary source of nickel ions (Ni2+); the sulfamate solution is 
popular in most of the micro-fabrication works. Our electroplating cell contains 100 liters 
of the plating solution in a poly-propylene electrolyte tank. The processing cell has an 
anode basket, comprising spherical nickel pellets (INCO S-nickel pellets), which dissolve 
at nearly 100% efficiency into the electrolyte. A filtration bag is attached to the anode to 
protect the plating solution from insoluble particles and impure chemicals. A low 
concentration of nickel chloride is needed to increase anode dissolution and solution 
conductivity, thereby reducing voltage requirements and improving uniformity of 
deposition distributions. However, since the chloride is highly corrosive, then in order to 
protect the anode, a low chloride content should be maintained. 
  Boric acid in the bath serves as a pH buffering reagent mainly at current densities 
less than 1.0 A dm-2, and also effectively suppresses hydrogen evolution and helps to 
suppress the development of high internal stresses in the plated nickel films [117]. Since 
the cathode efficiency (95-97%) is typically lower than the anode efficiency (approaching 
100%), the nickel ion concentration and the pH value will gradually increase during the 
plating process. Surfactant (sodium laury sulfate) is added as a wetting agent to lower the 
surface tension of the electrolyte, and to avoid air and hydrogen bubbles attaching to the 
sample surface. 
  The temperature and pH can influence the hardness and internal stress of the plated 
metal. A temperature around 50 – 52oC and pH below 4.0 are necessary for the plating 
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solutions. In normal conditions, the pH tends to rise hence a regular addition of dilute 
sulfuric acid (H2SO4) is necessary to adjust the pH value. In addition, agitation is also 
important to dispel bubbles from the cathode surface, which otherwise may cause pitting 
in the formed Ni structures. 
Faraday’s law 
Faraday’s law states that the amount of electrochemical reaction that occurs at an 
electrode is proportional to the quantity of electric charge Q passed through an 
electrochemical cell. Thus if the weight of a product of electrolysis is m then Faraday’s 
law states that 
  	
                                                                  (4.1) 
  Where Z is the electrochemical equivalent, the constant of proportionality. Since Q is 
the product of the current I in amperes, and the elapsed time t, in seconds, 

                                                                    (4.2) 
  	                                                                (4.3) 
  According to the Faraday’s law the production of one gram equivalent of a product at 
the electrode, Weq, in a cell requires 96,487 coulombs. The constant 96,487 is termed the 
Faraday constant F. The coulomb is the quantity of electricity transported by the flow of 
one ampere for one second.  
  The Faraday constant represents one mole of electrons and its value can be 
calculated from 
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                                                                  (4.4) 
Where NA is Avogadro’s number (6.0225  1023 molecules/mol) and e is the charge of a 
single electron (1.6021  10-19 coulombs, C) 
  One equivalent, meq, is the fraction of a molar (atomic) unit of reaction that 
corresponds to the transfer of one electron. In general, 
    
  Aw is the atomic weight of metal deposited on the cathode, and nel is the number of 
electrons involved in the reaction. 
  When Q = 1 coulomb, or Q = 1 ampere second, then   	.  Equation (4.1) 
becomes 
  
                                                        (4.6) 
  The value of Z, or , can be evaluated in the following way. Since 96,487 
coulombs are required for the deposition of an equivalent of a metal, meq, from Eq. (4.1) 
it follows that 
   !"#$	                                                        (4.7) 
And 
	     !"#$    
                                              (4.8) 
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 Since   %&'(, Eq. (4.5), 
	  %&'()                                                      (4.9) 
 Finally, from Eqs. (4.1) and (4.9) 
   *   * +, 
 In the case of Nickel deposition, m is the amount of mass of Ni deposited at the 
cathode or dissolved at the anode, Aw is the atomic weight of Ni, nel is the number of 
electrons involved in the reaction, F= 96487 (C/mol) is Faraday’s constant, I is the 
current flowing through the plating tank, and t is the electroplating time. 
 The thickness of Ni deposition h is calculated by considering the volume and density 
, stated as follows, 
-  . * ++ 
 where A is the area being electroplated. In practice, side electrochemical reactions 
may occur such as the formation of hydrogen, which consumes a small portion of the 
current. Hence, an item of plating efficiency  is introduced to describe the effective 
performance of current to deposit the metal. The deposited thickness can then be 
determined by: 
-  /  *  * . *  *  *  +0 
and the electroplating rate therefore is derived as, 
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  / 2 * 3. *  * 4 +5 
 where J is the current density. With respect to nickel, the atomic weight is 58.69 
g/mol, the number of electrons involved nel= 2, and its mass density  = 8.9 g/cm3. The 
thickness of nickel deposition can be calculated as, 
-  / #! # 6  !#$ 6 0 3  /0 0!5 3+ 
  where h is in cm, J is A/cm2, and t is in seconds. If we consider current efficiency at 
the cathode to be 95.5%, with a typical current density of 50 mA/cm2, then the time 
required to plate a 7 μm thick nickel film is around 7 minutes. 
4.2.2  Substrate preparation 
The entire device is fabricated on circular glass cover slip (Fisherbrand® Micrscope cover 
glass 22 mm diameter). The glass cover slips are suitable for the cell study because it is 
more compatible for cell adhesion than other substrates. Furthermore, the glass is an 
insulator which will not interfere with the electric pulses given to the conductive 
electrodes. The glass also makes the chip easily observed under the inverted microscope 
because of the transparent property.  
  Before the fabrication process, the glass cover slip is pre-cleaned with Acetone, 
Ethanol, and DI water for 10 minutes successively in the sonicator. The cleaning process 
is taken place in the clean room to prevent any deposited impurities on the surface before 
the sputtering steps. 
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4.2.3 Structure patterning 
Since the glass substrate is the insulator, a conductive metal layer needs to be coated onto 
the wafer to serve as a plating seed layer, where nickel could deposit and grow. Here this 
conductive layer (Au) was deposited on an intermediate layer of chromium (Cr) acting as 
a layer to improve the adhesion between the gold seed layer and the glass. 
  To form the gold and chromium films, a Cr and Au target was bombarded with high-
energy inert ions in a vacuum chamber operating at a pressure under 5  10-3 Torr. Argon 
ions were produced by glow discharge plasma using DC bias between the sample wafer 
and the metal target (cathode). The ion bombardment removed individual atoms or 
clusters from the metal target surface and ejected them towards the wafer, thereby 
forming a thin metal layer. Empirical evaluation of the plating results suggests that a 20-
30 nm Cr layer and 60-200 nm Au layer could provide good adhesion and adequate 
electric conductivity. In our project, the glass cover slip was sputtered with 20 nm Cr 
layer and 60 nm Au layer. Although the thick layers may give better adhesion, they will 
reduce visibility when viewed through a microscope. Therefore, we chose the minimum 
thickness which gives enough adhesion and conductivity for subsequent electroplating. 
 Before PMMA was coated, the cover slip was dry baked at 180oC for 20 minutes 
followed by air cooling for 3 minutes. The PMMA A11 is then spin coated on the 
substrate twice to form a 7 μm layer, as one coat lays down about 3.5 μm. After that the 
coated substrate was baked at 180oC for 30 minutes and left to cool to room temperature. 
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   4.2.3.1  UV lithography patterning 
The circular contact pads and the conducting lines were patterned on the resist layer by 
standard UV lithography. The UV lamp (365 nm wavelength) was used as the light 
source for this step, and all the procedures were done in the CIBA clean room. UV 
radiation is passed through a quartz photomask, which has the chip pattern formed on its 
surface, onto a prepared PMMA substrate.  The resist is exposed according to the pattern 
of the transmitted UV radiation. 
 
 
Figure 4.3 UV mask contains structures of circular pads and conducting lines. 
The structures that are not covered with chrome allow the UV through. Note that 
the mask pattern does not include the central electrodes since they will be written 
subsequently by PBW. 
 
  The mask pattern used in the UV exposure is shown in figure 4.3. The pattern is 
derived from the chip design (figure 4.1) but excludes the electrodes, which will be 
subsequently patterned by PBW. The pattern on the mask was positioned and placed at 
the centre of the PMMA coated glass cover slip. The PMMA was exposed for 25 minutes 
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through the patterned mask, which is sufficient for 7 μm thick PMMA. The sample was 
then developed in an IPA developer for about 5 minutes to remove the exposed PMMA. 
  4.2.3.2  PBW patterning 
The sample that was successfully patterned by standard UV lithography was then 
subsequently patterned by PBW to form the electrode structures. The size of one 
electrode is 50 μm (width) × 150 μm (length). Before the scanning, the 1024×1024 pixel 
image file was created using Paint program and transferred to EPL file which can be read 
by the Ionscan program. Figure 4.4 shows the image file which contains a black and 
white image. The Ionscan will control the beam to write over any pixel corresponding to 
the colour black. The electrode structures were created with a size of 1024 × 341 pixels. 
Since the scan size was set at 150 μm, the program will then control the beam to write the 
electrode structure with dimensions of 150×50 micron. 
  Before the scan, the beam spot position has to be monitored so we can align the 
electrode structures to the existing connnecting lines previously patterned by UV 
lithography. Since there were 4 pairs of the electrodes at the centre of the chip, the same 
EPL file was written 8 times at the different positions (figure 4.4) so that each pair of 
electrodes is separated by a 50-μm gap. 
  After the exposure using PBW, the sample was then developed in IPA developer 
before the electroplating step. Nickel was then electroplated on to the developed pattern 
at a thickness of around 7 μm. The deposition was carried out employing a current 
density ~15 mA/cm2 (for 50 cm2 exposed area). The current density was varied 
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depending on the area to be covered, such that a growth rate of 0.5 m/minute was 
maintained.  
 
Figure 4.4 The image file created for Ionscan program to write electrode 
structures on the substrate. The same file was written on one substrate for 8 times, 
creating 8 electrodes connected to the conducting lines which were patterned by 
UV lithography. 
 
Figure 4.5 The final electroporation biochips ready for cell culture before 
electropermeabilization experiments. 
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 The last fabrication step is the removal of remaining PMMA and seed layers. The 
unexposed PMMA resist was removed using Toluene. The sample was placed in the 
Toluene in 45 oC hot bath for 1 hour, and rinsed with DI water. After this step, we can 
observe the nickel electrodes standing on the glass cover slip but with the seed layers still 
intact. To remove Cr and Au layers, we used Cr and Au etching solutions. The sample 
was immersed in each solution for 10 seconds, rinsed with DI water, and then gently 




Figure 4.7 SEM pictures of structures on chips fabricated by Proton Beam 
Writing. The chip was sputtered by Au before the SEM imaging to make the chip 
conductive (a) one of four pairs of the electrodes in the centre of the chip. Fig (b) 
was taken in between the gap; top and bottom were ~7 μm-thick Nickel. 
 





Figure 4.8 Microscope images 
of structures on chips fabricated 
by Proton Beam Writing. Fig 
(a), (b) and (c) were taken with 
different magnifications (5x, 10x 
and 20x) showing the structures 
were electroplated with Nickel.

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 Using this sequence of steps, the biochips were successfully fabricated. Figure 4.7 
and 4.8 show parts of the fabricated electrodes. The SEM images of a pair of electrodes 
fabricated with proton beam writing are shown in figure 4.7 (a) and (b). The roughness of 
the side wall is not reported here as it was previously reported by Chiam et al [110] to be 
7 nm.  Figure 4.8 (a), (b) and (c) are optical images with different magnifications of the 
final Nickel structures. High spatial resolution is observed for these structures.  
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4.3  Experimental instruments and methodology 
In this section, all the experimental protocols will be explained including cell preparation, 
cell culture on biochips and the experimental setup for electroporation. 
4.3.1 Cell preparation 
We used mouse Neuroblastoma N2a cells (ATCC 131, American Type Culture 
Collection) in the single cell electroporation study. Neuroblastoma cells are used as a 
model system to study neuronal differentiation, and can be cultured in under standard in 
vitro conditions [118]. The N2a cells were grown in Dulbecco’s Modified Eagle’s 
medium (DMEM) supplemented with 25 mM HEPES, 10% fetal bovine serum. All cells 
were propagated in a humidified incubator at 37 °C with 5% CO2. The cell recovery and 
cell passage protocols are described in figure 4.9.  
For cell recovery, first the cells were recovered from -150 oC in a cell culture flask 
(25 cm2) filled with 8 mL DMEM at 37 oC. After 24 hours, the medium was changed and 
the cells continued to be recovered for another 48 hours. At this stage the culture flask 
bottom surface should be at least 80-90% covered with the healthy cells, which indicates 
that the cell recovery is successful. After 48-72 hours, the cells have to be passaged in 
order to maintain the healthy condition. The cell passage protocol is described as 
following steps: 
 




Figure 4.9 Cell recovery and cell passage protocols. The cell recovery is the 
method for recovering the cells from being suspended at very low temperature (-
150oC). The frozen cells were immediately added into the fresh cell culture 
medium when they melted. The successfully recovered cells from this step will 
attach to the bottom of the culture flask. The second protocol is cell passage. This 
protocol is for keeping cells alive. The protocol is normally repeated every 3 to 4 
days. The cells are usually passed to the biochips at the last step of this protocol. 
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(a) Remove the old medium in the flask and add 5 mL PBS; gently shake and 
remove. Then add 1 mL of 1X Tripsin and incubate at 37oC for 5 minutes to 
detach the cells from the flask surface. 
(b) Add 4 mL of cell culture medium to the same flask; shake to detach all the cells 
from the bottom of the flask to the solution. 
(c) Take out all 5 mL of cell solution to 15 mL tube and tab or shake the tube to 
isolate the cells. 
(d) Add 600 L of isolated cell solution to a new flask with 8 mL cell culture 
medium, and incubate at 37 oC for 3-4 days until the bottom is 80-90 % covered. 
  Once the cells fully cover the bottom of the flask, a cell passage protocol must be 
taken place. The cell passaging is a technique that keeps the cells alive and growing 
under cultured conditions for extended periods of time. All cells should be passaged 
every 2-4 days before they become confluent i.e. no more space available in the culture 
flask surface. After the cell passage has performed at least twice, the cells should be fully 
recovered and healthy for growing onto the electroporation biochips. To grow the cells on 
the biochips, we followed the same cell passaging protocol, and used the same cell 
solution used for normal passage for the chips. The chips and cell culture dishes (35 mm 
x 10 mm) are exposed under UV light for 20 minutes (both sides for biochips) for 
sterilization before 500 L of cell solution is added on 2 mL of fresh cell medium inside 
the culture dish. After the cells are grown inside the incubator for approximately 72 
hours, the cells should be attached on the chip surface and will be ready for the 
electroporation experiments. 
Chapter 4 Application of proton beam fabricated biochips for single cell electroporation 
100 
 
  The successfully grown cells adhering to the biochip surface are shown in figure 
4.10. The healthy cells normally cover the whole surface of the cover slip including the 
areas between the electrode gaps.  
 
Figure 4.10 Neuroblastoma cells are grown in between the electrodes ready for 
electroporation. The cells are incubated at 37 oC for 72 hours. 
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4.3.2 Fluorescent stains 
The efficacy of fluorescent compounds as labels for membrane- compromised cells is 
governed by their selectivity, brightness, excitation and emission maxima, and inherent 
biological toxicity. Ideal indicators of plasma membrane integrity concentrate only in 
cells with permeabilized membranes and exhibit marked fluorescence enhancement 
within these cells[119]. DNA and RNA provide large numbers of intracellular binding 
sites that promote marked fluorescence enhancement of many different stains. The 
phenanthridium nucleic acid stains such as ethidium bromide, propidium iodide, and 
ethidium homodimer 1 and 2 have been used almost exclusively to evaluate the integrity 
of the plasma membrane by fluorescence in a variety of animal cells and bacterial species 
[120-124]. SYTOX Green stain provides several important advantages over these 
compounds, making it a preferred candidate for a variety of fluorescence- based 
applications in microbiology [125]. Therefore, we decided to use SYTOX green for our 
experiments. 
  SYTOX® Green nucleic acid stain (S-7020, Invitrogen) is a high-affinity nucleic acid 
stain that easily penetrates cells with compromised plasma membranes and yet will not 
cross the membranes of live cells. This characteristic makes the stain very suitable for 
electroporation because if the cells will allow the stain to pass through after they are 
electroporated, and they can be observed under fluorescent microscope. The SYTOX® 
Green is characterized by a high quantum yield and fluorescence enhancement upon 
binding to nucleic acids, with excitation and emission maxima of about 505 and 525 nm, 
respectively.  
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  The SYTOX® Green dye is supplied as a 5 mM solution in dimethylsulfoxide 
(DMSO); the DMSO solution may be subjected to many freeze-thaw cycles without 
reagent degradation. We prepared the stock of 500 nM SYTOX® Green in PBS. Before 
the electroporation experiment, 20 L of the stock was added to the chip which was 
covered with 2 mL Borate Saline Solution (BSS) buffer; the concentration of the stain 
then became 0.5 nM. This concentration gives very high brightness of the stained cells 
and easier observed under fluorescence microscope. Figure 4.11 (a) shows the 
microscope image of dead N2a cells stained with SYTOX® Green.  As electroporation 
buffer, we used BSS (pH 7.4 adjusted with HEPES) because it is suitable for mammalian 
cell types. The pH is also important where in general it should mimic the composition of 
the cytoplasm of the cell[35]. The pH of our buffer is closely aligned to the usual 
intracellular pH.  
  For testing the cell viability after electroporation, we used another dye called 
Ethidium homodimer II (EthD-2). The EthD-2 is a high affinity fluorescent nucleic acid 
stain. It binds to both DNA and RNA in a sequence-independent manner and with a >30- 
fold fluorescence enhancement. The dye is highly positive charged and, similar to 
SYTOX® Green, it cannot cross cell membranes to stain living cells. The dye is soluble 
in water and has excitation and emission wavelengths of about 535 and 624 nm, 
respectively. The stock was prepared at 50 nM in PBS. The same protocol as SYTOX® 
Green was used after the electroporation. The cells are stained for 30 minutes before 
observing under microscope. Figure 4.11 show the fluorescent images of cells in the 
same position. Only dead cells give bright fluorescence in both colours. Figure 4.11 (a) 
was taken using bright field to see the entire cells on the surface. Figure 4.11 (b) and (c) 
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are dark field images taken by microscope. The cells were excited using halogen lamp 
with blue and green colour filters to excite SYTOX® Green and EthD-2, respectively. It 
can also be seen from figure 4.11 (a) that the dead and live cells look different in the 
morphological appearance under microscope. 
  The protocol therefore is to use the two stains to differentiate which cells have been 
electroporated but recover and remain viable, with those which have died during the 
electroporation process. 
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4.3.3 Experimental setup and method 
The setup for electroporation is shown in figure 4.12 (a). The overall system consists of a 
pulse generator (AV-1010-B, Avtech Electrosystems Ltd.), an inverted microscope 
(Eclipse TE2000-U, Nikon), 3D manipulators, a 3D stage controller and a computer (not 
shown in the figure) for controlling the pulse generator and collecting data. The 3D 
manipulators were utilized to control and move the small tip probes from the pulse 
generator which were placed in contact with the conducting circular pads. The pulses 
were generated by the pulse generator which was in turn controlled by a computer 
program. From the program, we were able to control and change parameters of pulse, i.e. 
pulse amplitude, number of pulses and pulse duration. The generated pulses were applied 
via the probes and the conducting pads, to the electrodes between which the cells were 
attached. . The chip was monitored using a camera in real time attached to the inverted 
microscope. 
  In order to investigate whether electroporation of N2a can offer a potential 
competitive advantage over conventional methods, the electrical parameters affecting the 
effectiveness of the process needs to be optimized. Pulse amplitudes between 3.75 V and 
5.00 V across the 50 m gap, the number of successive pulses from 1 to 10, and the pulse 
duration between 0.5 and 6.0 ms were tested on cell viability and permeabilization. We 
used square wave pulses for all the experiments because they appear to provide in vitro 
experimental conditions resulting in levels of cell survival that cannot be reached using 
exponentially decaying pulses. [97] 




Figure 4.12 Experimental Setup. (a) The overall system consists of the pulse 
generator, inverted microscope, 3D manipulators and 3D stage controller. (b) 
The chip is monitored and performed the experiments on the microscope stage. 
With the connected camera, the videos and images can be captured while doing 
the experiments. (c) The schematic representation of the chip while performing 
the experiment. The small probe tips are connected to a pair of the electrode 
before the pulses are given and passed through the centre of the chip where there 
were cells in between the chosen electrode gap. 
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  Two sets of experiments were performed to obtain the percentage of 
electropermeabilized cells (figure 4.13). In the first experiment, 20 L of 500 nM 
SYTOX® Green stain was added to the cells attached between the electrodes, before 
electroporation. These cells were then processed by the biochips under varying electrical 
parameters (pulse amplitude, number of pulses and pulse duration) and the fluorescent 
and non-fluorescent cells were imaged and counted. In the second experiment, 20 L of 
50 nM DEAD RedTM (commercial name of Ethidium homodimer II) was added 30 
minutes after electroporation was performed to stain the dead cells The cells will 
fluoresce when excited by a halogen lamp if the stains are successfully bound to the 
DNA. Green florescence hence serves as an indication that the cells have been 
successfully electroporated while subsequent red fluorescence indicates that the cells died 
during the electroporation.
4.4  Results and discussion 
In this section, we report the results of the biochip fabrication and the optimization of 
pulse parameters; pulse amplitude, number of pulses and pulse duration using our novel 
biochips for single cell electroporation. 
Single-cell electroporation and pulse parameter optimization 
The electroporation for single N2a cells was performed. Preliminary experiment showed 
the successful cell transfection. After pulses were given, the cells positioned between a 
pair of electrode gradually emitted green fluorescence when excited with halogen lamp 
and blue filter.  
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  The electroporated cells on our biochips were in a healthier condition than those in 
the conventional cuvette system because they did not have to be suspended in any 
medium before electroporation. The electroporation results were extracted from the 

















  Figure 4.14 shows examples of successfully transfected cells. Figure 4.14(a) shows 
images of cells in between the electrodes before electroporation was performed. Both 
Figure 4.14 (b) and (c) were taken from the same electrode pair, with different filters 
(different excitation wavelengths), while Figure 4.14 (b) was taken 30 minutes after the 
electroporation, and Figure 4.14 (c) was taken 30 minutes later after the buffer with 
SYTOX® Green was removed, and the chips were incubated with DEAD RedTM. The 
figures showed that more cells fluoresce in green than in green and red. The cells 
indicated with yellow arrows still survive after electroporation. 
  The crucial factor for successful electropermeabilization of living cells is the choice 
of appropriate field strength. As mentioned in chapter 2, the electric field strength 
delivered must reach a threshold value that result in a change in transmembrane potential. 
However, the electric field strength should remain below values leading to permanent 
irreversible damage to cell membrane structure. Here, we optimized 3 most important 
pulse parameters: pulse amplitude, number of pulses and pulse duration. The square-
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wave pulses were used for all the experiments as they are more efficient than exponential 
decay pulses. According to Lin et al.[85], they have studied the electroporation in 
microchips using 10 pulses with pulse duration from 1 to 20 ms. Therefore, the first 
parameter we optimized was pulse amplitude with fixed number of pulses (10 pulses) and 
pulse duration (4 ms). The pulse amplitudes were varied from 3.75 to 5.00 volts across 5-
m gap. 
  The results for optimal electroporation conditions were shown in Figure 4.15. For 
pulse amplitude optimization, the experiments were performed with various pulse 
amplitude (3.75, 4.00, 4.25, 4.50, 4.75 and 5.00 volts across 50-micron gap) while 
number of pulses and pulse duration were fixed at 10 pulses, and 4 ms, respectively 
(figure 4.15(a)). We have collected the data 5 times per data point, and the error bars are 
from the standard deviation of all 5 values collected from each point. The standard 
deviation is a statistical measure of spread or variability; it is the root mean square (RMS) 
deviation of the value from their arithmetic mean. The standard deviation can be 
calculated using equation (4.15)  
717819:;7;<=  >+?@A B @CDA + 
Where  N is the sample size or number of collected data (scores), 
  @ is the individual score and 
  @C is the mean of the score 
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  Figure 4.14 Example result 
from one electroporation 
experiment. Optical images 
have been taken using an 
inverted microscope with 20X 
magnification. (a) Cells are 
successfully grown in between a 
pair of electrode gap before the 
experiment. (b) Fluorescent 
image of cells shows green-
fluorescent cells which uptook 
SYTOX® Green and (c) 
fluorescent image of cells shows 
red-fluorescent cells which 
uptook DEAD RedTM. (b) and 
(c) were taken after cells were 
electroporated with 10 4.25-
Volt electric pulses. 
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 The results from the pulse amplitude optimization showed that the highest percentage 
of cell viability was obtained at 4.25 volts, and a very high electroporation rate was also 
achieved. It was found from previous work that the typical transmembrane potential is in 
the range of 0.2-1 volt mainly depending on size of the cells [126]. Since N2A cells are 
about 10μm, and the optimum pulse amplitude is 4.25 volts in 50 micrometers, the 
potential across N2A cells is ~0.85 volt which is in agreement with the theory. 
Figure 4.15 (b) shows an optimization of number of pulses when the pulse amplitude 
and pulse duration were fixed at 4.25 V and 4 ms respectively. We have also collected the 
data 5 times per data point, and the error bars are from the standard deviation of all 5 
values collected from each point. The results showed that 4 pulses gave the highest 
percentage of transfection and cell viability at 78.2 and 78.3 percent respectively. Figure 
4.15 (c) shows an optimization of pulse duration when the pulse amplitude and pulse 
duration were fixed at 4.25 V and 4 pulses respectively. Each data point was extracted 
from 3 collected values and the error bars show the standard deviation of the values. The 
results showed that 2-ms pulse gave the highest percentage of transfection rate at 82.1 
percent.  
Compared to previous works, Guignet and Meyer [127] have studied suspended-drop 
electroporation on differentiated human promyelocytic leukemia cells, 3T3-L1 
adipocytes and RBL-2H3 tumor mast cells was presented transfection efficiency and 
viability rate of 45-65% and 40-60%, respectively. The other work from Hung et al. was 
reported up to 62% transfection rate of the electroporation biochip to deliver typan-blue 
dye into zebrafish embryos. Also compared to the conventional electroporation 
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techniques which have a transfection rate of 20-50 percent, we have achieved better 
efficiency with our biochip design.     
 
 





Figure 4.15 Pulse parameter optimization. (a) Pulse amplitude optimization 
(3.75, 4.00, 4.25, 4.50, 4.75 and 5.00 V/50m with 4 ms 10 pulses). The optimized 
pulse amplitude is at 4.25 V/50m (equal to 0.85 kV/cm-1), it gives highest cell 
viability and very good transfection rate. (b) Number of pulses optimization (1, 2, 
4, 6, 8 and 10 pulses with 4 ms- 4.25 V/50m pulse ). 4 pulses give very high in 
both transfection and viability rates. (c) Pulse duration optimization (0.5, 1.0, 2.0, 
3.0, 4.0, 5.0 and 6.0 ms with 4 of 4.25 V/50m pulses). 2 ms pulse gives highest 
transfection rate at 82.1 %, and viability rate at 86.7%. 
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4.5  Conclusion. 
A novel electroporation micro-biochip was successfully fabricated. Each pair of 
electrodes is spaced 50 m apart, much smaller than the conventional electroporator. 
These gaps give larger and more uniform electric field distributions which benefits the 
electroporation process. The unprecedented usage of PBW technique in the fabrication 
processes to achieve electrodes with high aspect-ratio and straight side walls was also 
demonstrated. In addition, in tests we observed that these biochips can be reused up to 24 
times before deteriorating.  
  In our study, the optimal parameters for successful electroporation of N2a cells were 
reached. A range of the pulse amplitudes, the number of pulses, and the pulse duration 
were tested, revealing that the appropriate combination would be 0.85 kV/cm-1, 2 ms of 4 
square electric pulses.  
  Detailed studies on the effects of the pulse amplitudes, the number of pulses, and the 
pulse duration were carried out and optimized. High transfection rate of 82.1% and 
survival rate of 86.7% were achieved, higher than most conventional electroporators and 
previously reported microelectroporators. This result demonstrated that our biochip is an 
efficient tool to introduce impermeant materials, such as drugs, DNA and protein, into 
individual cells.  We were also the first to demonstrate single-cell electroporation in 
Mouse Neuroblastoma (N2a) cells. Since neuroblastoma cells are used as a model system 
to study neuronal differentiation [128], our work could pave the way for the studies of 
regulation of neural cell development. Nevertheless, this work is still in its early stages. 
Parameters such as an oxidization of the electrodes, temperature, buffer composition and 
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wave forms have to be studied and optimized so that higher transfection rate and viability 
rate may be achieved.  
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Chapter 5  
Cell Fluorescence Imaging 
There has been a remarkable growth in the use of fluorescence imaging in the biological 
sciences during the past 20 years. Fluorescence spectroscopy is considered to be one of 
the leading research tools in biochemistry and biophysics. However, the spatial resolution 
of conventional optical fluorescence microscopy is limited by the diffraction limit of light 
at ~250 nm. In this chapter, we report the new technique for fluorescence imaging using a 
proton beam. With our novel Proton Beam Writing (PBW) facility at CIBA we have the 
ability to focus the beam down to less than 100 nm of the spot size, and because of this 
we can fabricate 3D structures below the 100nm level. This is achieved due to the 
physical properties of the fast proton, having high penetrating properties, straight line 
trajectories, and minimal proximity effects (absence of long range secondary electrons). 
However, using the same physical properties, it should be possible to image fluorescence 
stained biological cells with higher resolution and contrast compared with other 
conventional methods. Ultimately Proton Induced Fluorescence (PIF) has better 
resolutions than conventional confocal or optical fluorescence due to the superior 
physical properties of the proton. In this chapter, PIF images and Proton Induced 
Secondary Electron (PISE) images of normal and electroporated cells from our novel 
electroporation biochip are reported. 




The same physical properties that enable protons to fabricate 3D structures at high 
resolutions and high aspect ratio, also allow high spatial resolution microscopy of thick 
samples. Udalagama et al.[129] have investigated the energy-deposition features of both 
primary MeV protons and keV electrons interaction with matter with reference to proton 
beam writing. Their calculations however are equally valid for fluorescence microscopy, 
where the lateral range of secondary electrons plays an important role in the ultimate 
resolutions achievable. They have shown that protons are able to maintain spatial 
compactness of their spatial energy-deposition profiles (SEDPs) at sample depths much 
greater than for electrons. Figure 5.1 shows the radial deposition for 2 MeV protons 
(5.1(a)) and 100 keV electrons (5.1(b)) in 5-μm-thick PMMA resist. Electron penetration 
was characterized by a rapid broadening of the SEDPs with depth thereby leading to 
significant, so-called, proximity effects (unintended exposure of unirradiated regions of 
the sample) that present problems in electron-beam lithography. 
  As predicted by the Born approximation, the z2 /v2 scaling of energy loss implies that 
an electron must have approx 1850 times less energy than a proton to display an 
equivalent rate of energy loss. Therefore the energy deposition characteristics of 2 MeV 
protons used in PBW will be similar to 1 keV electrons. However, such low-electron 
energies however are currently of little practical interest in electron-beam lithography, 
where 10–100 keV electron energies are used. 
  By using Monte Carlo calculation, Udalagama et al. also showed that the secondary 
electrons ( rays) produced by penetrating protons have a much reduced spatial energy 
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spread compared with those generated from primary electrons, thereby minimizing ion-
proximity effects in comparison to electrons. Therefore, the potential for using protons 
for nanostructuring and nanoprobing down to the nanometre level is very promising. 
Figure 5.1 Simulation of the radial deposition of energy for 2 MeV protons (left) 
and 100 keV electrons (right) for a 5- m-thick layer of PMMA. 
  If the stochastic ion-matter interactions allow a well-focused proton beam to retain 
its spatial compactness at the nanometer scale then this opens up numerous possibilities 
for the use of MeV protons. For instance, MeV protons can be used to induce 
fluorescence, enabling high spatial-resolution fluorescence imaging of thick samples such 
as whole biological cells. This will complement existing confocal or optical fluorescence 
microscopies, which are diffraction limited to around 200 nm spatial resolutions. 
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5.1  Introduction to fluorescence microscopy 
Fluorescence microscopy has become an essential tool in biology and the biomedical 
sciences, as well as in material science. This section is an introduction to fluorescence 
and fluorescence microscopy. 
5.1.1  Principles of fluorescence 
Fluorescence is the property of some atoms and molecules to absorb light of a particular 
wavelength and after a brief interval, termed the fluorescence lifetime that is normally in 
nanoseconds, to emit light at longer wavelengths. It is proportional to the amount of light 
absorbed × quantum yield. For low optical densities, Beer’s law states that the amount of 
fluorescence is proportional to the product of the light absorbed EFGHI@ by the 
fluorophore and the quantum yield,
: 
  EFGHI@
                                                         (5.1) 
Where  E is the intensity of the light beam falling on the solution ,  
  F is the molar extinction coefficient of the fluorophore,  
  c is the concentration of the fluorophore and  
  x is the pathlength through the solution. 
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Fundamentals of Excitation and Emission 
Fluorescence is one of the ubiquitous luminescence family of processes in which affected 
molecules emit light from electronically excited states created by either a physical (i.e. 
absorption of light or charged particles), mechanical (friction), or chemical mechanism. 
Generation of luminescence through excitation of a molecule by photons (UV or visible 
light) is a phenomenon termed photoluminescence, which is formally divided into two 
categories, fluorescence and phosphorescence, depending upon the electronic 
configuration of the excited state and the emission pathway. The process of 
phosphorescence occurs in a manner similar to fluorescence, but with a much longer 
excited state lifetime. 
  Absorption of energy by fluorophores (a component of a molecule that causes that 
molecule to be fluorescent) occurs between the closely spaced vibrational and rotational 
energy levels of the excited states in different molecular orbitals. The various energy 
levels involved in the absorption and emission of light by a fluorophore are classically 
presented by a Jablonski energy diagram (see figure 5.2), named in honor of the Polish 
physicist Professor Alexander Jablonski.  
 




Figure 5.2 Illustration of one form of a Jablonski diagram. The singlet ground 
(S(0)) state, as well as the first (S(1)) and second (S(2)) excited singlet states as a 
stack of horizontal lines. The thicker lines represent electronic energy levels, while 
the thinner lines denote the various vibrational energy states (rotational energy 
states are ignored). Transitions between the states are illustrated as straight or 
wavy arrows, depending upon whether the transition is associated with absorption 
or emission of a photon (straight arrow) or results from a molecular internal 
conversion or non-radiative relaxation process (wavy arrows). Vertical upward 
arrows are utilized to indicate the instantaneous nature of excitation processes, 
while the wavy arrows are reserved for those events that occur on a much longer 
timescale. 
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  Absorption of light occurs very quickly (approximately a femtosecond, the time 
necessary for the photon to travel a single wavelength) in discrete amounts termed quanta 
and corresponds to excitation of the fluorophore from the ground state to an excited state. 
The energy in a quantum (Planck's Law) is expressed by the equation: 
J  -:  -HK 0 
where  E is the energy,  
   h is Planck's constant,  
    and  are the frequency and wavelength of the incoming photon, and  
   c is the speed of light.  
  Planck's Law states that the radiation energy of an absorbed photon is directly 
proportional to the frequency and inversely proportional to the wavelength. In other 
words, shorter incident wavelengths possess a greater quantum of energy. The absorption 
of a photon of energy by a fluorophore, which occurs due to an interaction of the 
oscillating electric field vector of the light wave with charges (electrons) in the molecule, 
is an all or none phenomenon and can only occur with incident light of specific 
wavelengths known as absorption bands. If the absorbed photon contains more energy 
than is necessary for a simple electronic transition, the excess energy is usually converted 
into vibrational and rotational energy. However, if a collision occurs between a molecule 
and a photon having insufficient energy to promote a transition, no absorption occurs. 
The spectrally broad absorption band arises from the closely spaced vibrational energy 
levels plus thermal motion that enables a range of photon energies to match a particular 
transition. Because excitation of a molecule by absorption normally occurs without a 
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change in electron spin-pairing, the excited state is also a singlet. In general, fluorescence 
investigations are conducted with radiation having wavelengths ranging from the 
ultraviolet to the visible regions of the electromagnetic spectrum (250 to 700 
nanometers). 
  With ultraviolet or visible light, common fluorophores are usually excited to higher 
vibrational levels of the first (S(1)) or second (S(2)) singlet energy state. Two of the 
absorption (or excitation) transitions presented in figure 5.1 (left-hand green arrows) 
occurs from the low vibrational energy level of the ground state to a higher vibrational 
level in the first and second excited states (a transition denoted as S(0) = 0 to S(2) = 3 and 
as S(0) = 1 to S(1) = 5). In a typical fluorophore, irradiation with a wide spectrum of 
wavelengths will generate an entire range of allowed transitions that populate the various 
vibrational energy levels of the excited states. Some of these transitions will have a much 
higher degree of probability than others, and when combined, will constitute the 
absorption spectrum of the molecule. Note that for most fluorophores, the absorption and 
excitation spectra are distinct, but often overlap and can sometimes become 
indistinguishable. In other cases (fluorescein, for example) the absorption and excitation 
spectra are clearly separated. 
  Fluorescence is normally observed as emission intensity over a band of wavelengths 
rather than a sharp line. Most fluorophores can repeat the excitation and emission cycle 
many hundreds to thousands of times before the highly reactive excited state molecule is 
photobleached, resulting in the destruction of fluorescence. 
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 Table 1 Timescale Range for Fluorescence Processes 
Transition Process Rate Constant Timescale (Seconds) 
S(0) => S(1) or S(n) Absorption (Excitation) Instantaneous 10-15 
S(n) => S(1) Internal Conversion k(ic) 10-14 to 10-10 
S(1) => S(1) Vibrational Relaxation k(vr) 10-12 to 10-10 
S(1) => S(0) Fluorescence k(f) or G 10-9 to 10-7 





k(nr), k(q) 10-7 to 10-5 





k(nr), k(qT) 10-3 to 100 
 
  The fluorescence process is governed by three important events: excitation, 
relaxation and emission, all of which occur on timescales that are separated by several 
orders of magnitude (see Table 1). The excitation of a susceptible molecule by an 
incoming photon happens in femtoseconds (10-15 seconds), while the vibrational 
relaxation of excited state electrons to the lowest energy level is much slower and can be 
measured in picoseconds (10-12 seconds). The final process, the emission of a longer 
wavelength photon and return of the molecule to the ground state, occurs in the relatively 
long time period of nanoseconds (10-9 seconds). Although the entire molecular 
fluorescence lifetime, from excitation to emission, is measured in only billionths of a 
second, the phenomenon is a stunning manifestation of the interaction between light and 
matter that forms the basis for the expansive fields of steady state and time-resolved 
fluorescence spectroscopy and microscopy. Because of the tremendously sensitive 
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emission profiles, spatial resolution, and high specificity of fluorescence investigations, 
the technique is rapidly becoming an important tool in genetics and cell biology. 
Stokes' Shift 
Vibrational energy is lost when electrons relax from the excited state back to the ground 
state. As a result of the energy loss, the emission spectrum of an excited fluorophore is 
usually shifted to longer wavelengths when compared to the absorption or excitation 
spectrum. This phenomenon is known as Stokes' Law or Stokes' shift. Therefore, if 
Stokes' shift values increase, it becomes easier to separate excitation from emission light 
through the use of fluorescence filter combinations. 
  The emission spectral profile (curve) is often a mirror image (or nearly so) of the 
excitation curve, but shifted to longer wavelengths, as illustrated in Figure 5.3, a useful 
probe that absorbs light in the yellow-green region and produces yellow-orange emission. 
In order to achieve maximum fluorescence intensity, a fluorophore is usually excited at 
wavelengths near or at the peak of the excitation curve, and the widest possible range of 
emission wavelengths that include the emission peak are selected for detection.  




Figure 5.3 Illustration of absorbtion and excitation spectrums of common 
fluorophores FITC.[130] 
  The effective separation and detection of excitation and emission wavelengths is 
achieved in fluorescence microscopy through the proper selection of filters to block or 
pass specific wavelength bands in the ultraviolet, visible, and near-infrared spectral 
regions. Fluorescence vertical illuminators are designed with the purpose of controlling 
the excitation light through the application of readily interchangeable filter (neutral 
density and interference excitation balancers) insertions into the light path on the way 
toward the specimen, and again in the path between the specimen and the observation 
tubes or camera detector system. Perhaps the most important criteria, in view of relatively 
low fluorescence emission intensities (see discussion above), is that the light source 
utilized for excitation be of sufficient brightness so that the weak emission light can be 
maximized, and that the fluorochromes possess adequate absorption properties and 
emission quantum yields. 
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  The efficiency with which a particular fluorophore absorbs a photon of the excitation 
light is a function of the molecular cross-section, and the likelihood of absorption is 
known as the extinction coefficient. Larger extinction coefficients indicate that the 
absorption of a photon (or quantum) in a given wavelength region is more likely. The 
quantum yield denotes the ratio of the number of quanta emitted compared to those 
absorbed (and is usually a value between 0.1 and 1.0). Quantum yield values below 1 are 
the result of the loss of energy through nonradiative pathways, such as heat or a 
photochemical reaction, rather than the re-radiative pathway of fluorescence. Extinction 
coefficient, quantum yield, mean luminous intensity of the light source, and fluorescence 
lifetime are all important factors that contribute to the intensity and utility of fluorescence 
emission. 
Fluorescence lifetime 
  The fluorescence lifetime is the characteristic time that a molecule remains in an 
excited state prior to returning to the ground state and is an indicator of the time available 
for information to be gathered from the emission profile. During the excited state 
lifetime, a fluorophore can undergo conformational changes as well as interact with other 
molecules and diffuse through the local environment. The decay of fluorescence intensity 
as a function of time in a uniform population of molecules excited with a brief pulse of 
light is described by an exponential function: 
   E * LM5 
where  I(t) is the fluorescence intensity measured at time t,  
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  I(o) is the initial intensity observed immediately after excitation, and  
   is the fluorescence lifetime.  
 
Figure 5.4 Fluorescence lifetime decay profiles. 
 
  Formally, the fluorescence lifetime is defined as the time in which the initial 
fluorescence intensity of a fluorophore decays to 1/e (approximately 37 percent) of the 
initial intensity (see Figure 5.4(a)). This quantity is the reciprocal of the rate constant for 
fluorescence decay from the excited state to the ground state. 
  Lifetime measurements can be conducted by measuring fluorescence decay after a 
brief pulse of excitation because the level of fluorescence is directly proportional to the 
number of molecules in the excited singlet state. In a uniform solvent, fluorescence decay 
is usually a monoexponential function, as illustrated by the plots of fluorescence intensity 
as a function of time in Figures 5.4(a) and 5.4(b). More complex systems, such as viable 
tissues and living cells, contain a mixed set of environments that often yield 
multiexponential values (Figure 5.4(c)) when fluorescence decay is measured. In 
addition, several other processes can compete with fluorescence emission for return of 
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excited state electrons to the ground state, including internal conversion, 
phosphorescence (intersystem crossing), and quenching. Aside from fluorescence and 
phosphorescence, non-radiative processes are the primary mechanism responsible for 
relaxation of excited state electrons. 
  Many of the common probes employed in optical microscopy have fluorescence 
lifetimes measured in nanoseconds, but these can vary over a wide range depending on 
molecular structure, the solvent and environmental conditions. Quantitative fluorescence 
lifetime measurements enable investigators to distinguish between fluorophores that have 
similar spectral characteristics but different lifetimes, and can also yield clues to the local 
environment. Specifically, the pH and concentration of ions in the vicinity of the probe 
can be determined without knowing the localized fluorophore concentration, which is of 
significant benefit when used with living cells and tissues where the probe concentration 
may not be uniform. In addition, lifetime measurements are less sensitive to 
photobleaching artifacts than are intensity measurements. 
Fading, Quenching, and Photobleaching 
Many conditions often come into play that ultimately affects the re-radiation of 
fluorescence emission and thus reduces the intensity. The general term for a reduction of 
fluorescence emission intensity is fading, usually further subdivided into quenching and 
photobleaching phenomena for more precise descriptions. Photobleaching is the 
irreversible decomposition of the fluorescent molecules in the excited state because of 
their interaction with molecular oxygen before emission. The occurrence of 
photobleaching is exploited in a technique known as fluorescence recovery after 
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photobleaching (FRAP), a very useful mechanism for investigating the diffusion and 
motion of biological macromolecules. The method is based upon photobleaching a 
sharply defined region of the specimen by an intense burst of laser light, accompanied by 
the subsequent observation of the rates and pattern of fluorescence recovery in the 
photobleached area. A related technique, known as fluorescence loss in photobleaching 
(FLIP), is employed to monitor the decrease of fluorescence in a defined region lying 
adjacent to a photobleached area. Similar to FRAP, the latter technique is useful in the 
investigation of molecular mobility and dynamics in living cells. 
  The excited state relaxation process of quenching results in reduced fluorescence 
intensity through a variety of mechanisms involving non-radiative energy loss and 
frequently occurs as a result of oxidizing agents or the presence of salts or heavy metals 
or halogen compounds. In some cases, quenching results from the transfer of energy to 
another molecule (termed the acceptor), which resides physically close to the excited 
fluorophore (the donor), a phenomenon known as fluorescence resonance energy transfer 
(FRET). This particular mechanism has become the basis for a useful technique involving 
the study of molecular interactions and associations at distances far below the lateral 
resolution of the optical microscope. 
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5.1.2  Fluorescence microscopy 
Several investigators reported luminescence phenomena during the seventeenth and 
eighteenth centuries, but it was British scientist Sir George G. Stokes who first described 
fluorescence in 1852 and was responsible for coining the term in honor of the blue-white 
fluorescent mineral fluorite (fluorspar). Fluorescence was first encountered in optical 
microscopy during the early part of the twentieth century by several notable scientists, 
including August Kohler and Carl Reichert, who initially reported that fluorescence was a 
nuisance in ultraviolet microscopy. The first fluorescence microscopes were developed 
between 1911 and 1913 by German physicists Otto Heimstadt and Heinrich Lehmann as 
a spin-off from the ultraviolet instrument. These microscopes were employed to observe 
autofluorescence in bacteria, animal, and plant tissues. In the early 1940s, Albert Coons 
developed a technique for labeling antibodies with fluorescent dyes, thus giving birth to 
the field of immunofluorescence. By the turn of the twenty-first century, the field of 
fluorescence microscopy was responsible for a revolution in cell biology, coupling the 
power of live cell imaging to highly specific multiple labeling of individual organelles 
and macromolecular complexes with synthetic and genetically encoded fluorescent 
probes. 
  Fluorescence microscopy is an example of the improvements in microscopy that 
have centered on increasing the contrast between what is interesting (signal) and what is 
not (background) as it reveals only the objects of interest in dark background.  




Figure 5.5 Example of conventional fluorescence microscope 
  Fluorescence microscopy requires that the objects of interest fluoresce. According 
the Stokes shift, it is easy to imagine how the fluorescence microscope works: illuminates 
the specimen with one wavelength and filter the return light to only see longer 
wavelength-shifted fluorescence. The main advantage of the fluorescence microscopy is 
its compatibility with living cells, which allow dynamic and minimally invasive imaging 
experiments. However, the main weakness of this microscopy is its spatial resolution, 
which is limited to ~250 nm. With this spatial resolution, it is impossible to image many 
small sub-cellular structures. Therefore, many sub diffraction microscopy techniques 
(such as STED, PALM/STORM and Confocal microscopy) were proposed and studied in 
recent years.  The comparison of the resolutions of recent biological imaging techniques 
is shown in figure 5.6 [131]. 
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  Although the super resolution techniques such as STED and PALM show high 
resolution, they still have several limitations. For instance, STED requires precise control 
of the position, phase and amplitude of two laser beams, and its best resolution is 
restricted to certain dyes able to withstand repeated cycles of excitation and de-excitation 
at high intensities. The PALM/STORM requires photoswitchable fluorophores and long 
acquisition times. Proton Induced Fluoescence (PIF) imaging is a break-through 
technique which is capable of overcoming some of these limitations and, at the same 
time, maintaining good spatial and temporal resolution. 
5.1.3  Purpose of the study 
Proton induced fluorescence microscopy is a new technique, and following the use of 
proton technology in order to fabricate a single cell electroporation biochip, it was 
deemed interesting to see if we could image the fluorescence in the electroporated cells 
using the same proton technology. In addition, we also simultaneously investigated the 
use of proton induced secondary electron (PISE) emission microscopy as a means of cell 
identification and location. In order to investigate these new forms of microscopy, we 
first had to fabricate the biochip on an undoped silicon wafer instead of a glass cover slip. 
This reduced the fluorescence background which would have arisen from the glass cover 
slip through bombardment with protons. We used a well focused proton beam (~100 nm) 
for these studies, and the images (both PIF and PISE) are compared with normal 
fluorescent microscope and SEM images. 
 




Figure 5.6 Comparison of the spatial and temporal resolutions of biological 
imaging techniques. Average sizes of biological features are given in logarithmic 
size scale; specific sizes vary widely among different species and cell lines. The 
temporal resolution is not applicable (NA) for Electron Microscopy (EM) or Near-
Field Scanning Optical Microscopy (NSOM) because they image static samples. 
Ground-State Depletion (GSD) and Saturated Structured-Illumination Microscopy 
(SSIM) have not been shown on biological samples, and their temporal resolution 
are not determined (ND). Endoplasmic Reticulum (ER); Magnetic Resonance 
Imaging (MRI); Optical Coherence Tomography (OCT); Photoactivated 
Localization Microscopy (PARM), Stochastic Optical Reconstruction Microscopy 
(STORM); Positron-Emission Microscopy (PET); Stimulated Emission Depletion 
(STED); Total Internal Reflection Fluorescence (TIRF); Ultrasound (US); Wide 
Field Microscopy(WF); Proton Induced Fluorescence (PIF). 
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5.2  Proton Induced Fluorescence imaging 
The nuclear microprobe has a reputation for the utilization of a wide variety of ion beam 
analytical techniques at spot sizes in the micro/nanometer range. These instruments, 
although rather complex, have been used to solve a wide range of scientific problems, 
from microelectronics to biomedicine. One of the techniques which shows considerable 
promise for the identification of chemical phase, as a check for the presence of certain 
trace elements, and for monitoring the buildup of ion induced defects in luminescent 
materials is called Ion Beam Induced Luminescence (IBIL)[132]. This technique has not 
been applied to biological material or cells, since spatial resolutions until recently have 
not reached the level which can be achieved using confocal microscopy. Luminescence 
spectra can be influenced by the relative penetration depth of the various excitation 
methods. The large penetration depth of MeV ions whilst maintaining spatial resolutions, 
offers an advantage over keV electrons and for imaging below 250 nm the spatial 
resolutions of PIF are superior to optical fluorescence.  The mechanism of proton induced 
fluorescence is through interaction with the atomic electrons, which can create atomic 
and molecular vacancies directly, or indirectly through induced secondary electrons. 
These vacancies are subsequently filled thereby releasing photons of a fixed wavelength. 
One advantage of this system over the fluorescence microscope is that background noise 
is reduced, as the emitted photons from PIF will be only from the fluorescent materials 
and not scattered from the primary beam. 
  However, in general, MeV ions cause more damage than photons, and this results in 
the production of nonradiative recombination centers that offer energetically more 
favorable de-excitation pathways. This can result in the degradation of the luminescence 
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yield with ion dose. The relative yields between PIF and conventional fluorescence 
microscopy, and the differences in bleaching, will not be considered here and will be 
studied elsewhere. 
 
5.3  Proton induced secondary electron emission 
When high energy protons hit the surface of a material, their interaction generates 
secondary electrons. Even though the secondary electrons induced in proton/electron 
collisions have low energy, by using a channel electron multiplier (CEM) detector with 
its ability to detect single electrons, we are able to image surface structures on the 
material with high contrast, sensitivity and resolution.  This gives a similar image to 
scanning electron microscopy (SEM), although at not such high resolutions. However, 
this imaging technique is useful for locating the cell, with the added advantage that PIF 
images can be generated simultaneously.   
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5.4  Equipment and methods 
Biochip fabrication 
The substrate material for biochip was changed from glass cover slip to undoped silicon 
wafer to remove high fluorescence background from the glass. Tests have shown that, 
unlike the glass cover slip, the undoped silicon wafer does not give any fluorescent signal 
when it is scanned by proton beam, and this characteristic makes the undoped wafer most 
suitable candidate for the fluorescence imaging purpose. The piece of silicon wafer was 
cut to a small square shape, 22 cm2. The fabrication procedures are similar to those 
described previously for the biochips fabricated on the cover slip. Figure 5.7 shows the 
biochips fabricated on the silicon wafer. 
 
Figure 5.7 The electroporation biochip made on the undoped silicon wafer. 




The electroporation was performed using the same conditions as reported in chapter 4, 
but using the optimized parameters. However, only the SYTOX® Green step was used in 
order to introduce the fluorescent molecules to penetrate the cells. After the 
electroporation, the critical point drying process was then used to dry the sample before 
imaging. For the critical point drying the water in the cells is replaced with ethanol, and 
so the cells were then replaced with a series of ethanol, 25% for 3 min, 50% for 3 min, 
75% for 3 min, 95% for 3 min, 100% for 5 min. The biochips were then transferred to a 
Critical Point Dryer (BAL-TEC CPD 030) for 1 hr (samples were placed in small porous 
containers to ensure that they were not damaged by excessive pressure variations during 
the drying process). 
  The preliminary high resolution PIF work was carried out using the PBW beam line 
(the 10 degree beam line), where the target chamber was modified slightly to incorporate 
a photomultiplier (PM) tube. The biochip was mounted on the target holder on which was 
placed a Hamamatsu PM tube R7402 with lens (see appendix A) to measure the PIF 
signals. A CEM detector was placed in front of the target in order to measure the 
secondary electrons.  A schematic diagram of this set up is shown in figure 5.8.    
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Figure 5.8 Illustration of the PIF and PISE system at 10 degree chamber. The 
photomultiplier tube (Hamamatsu R7402) is mounted on the sample holder in 
front of the sample, while the CEM is mounted in the chamber. 
Imaging 
The imaging was performed after the beam focusing down to ~100 nm. The in-house 
program called IonDAQ, developed by Dr.Chammika Udalagama, was used to collect the 
data. The beam is scanned raster style over a predetermined region and the PIF and PISE 
data recorded for each pixel in the scan. Images of both PIF and PISE can then be 
assembled using software. We have scanned using 256×256 pixels with a 5000-6000 μs 
update time for each pixel, and hence the total scan time is around 20-25 min for each 20 
μm scan-size image.  
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5.5  Results and discussion 
Preliminary experiments on imaging with a focused proton beam were carried out. We 
were able to observe the electrodes from the large scan size image (see figure 5.9) in 
which there are clearly observed cells outside and also in between the electrodes. Figure 
5.9 (a)~(e) show the imaging results from different techniques; bright and dark field 
optical microscopy, PIF, PISE and SEM images. Figure (c) and (d) show images of 300 
μm size. The fluorescent cells on the biochip surface were clearly seen with the optical 
microscope (figure (b)) and by PIF (figure (c)). An interesting observation is that the 
edges of the electrodes are highlighted in the PIF image, but not with the fluorescence 
microscope. The reason for this is not obvious; although luckily it help the visualization: 
The problem expected when carrying out PIF is locating the correct cells since the 
substrate is not transparent. 




Figure 5.9 Images of one electrode pair 
with 300 μm scan size, and ~100 nm 
beam spot size. (a) optical microscope 
image (b) fluorescent image taken from 
upright microscope (c) PIF image (d) 
PISE (e) SEM
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 One single fluorescent electroporated cell can be seen clearly at the bottom region 
between the gap (see figure 5.9). This cell was then imaged with a smaller scan size of 30 
m with 5000 s update time (see figure 5.10). The PIF and PISE images show 
reasonable details and contrast when comparing with microscope, fluorescent microscope 
and SEM images. We also carried out similar imaging with another cell in between 
another electrode gap (see figure 5.11), and a random cell outside the gaps (see figure 
5.12). Figure 5.11 shows the cell which is very close to one electrode; where surprisingly 
the electrode can be seen very clearly with PIF. The images from figure 5.11 and 5.12 
show similar results, particularly figure 5.12 where PIF gives better resolution than the 
fluorescence microscope. 
 The SEM image, as expected, has better resolution than PISE, although the sample 
for SEM required a conducting layer of gold to avoid charging. This is not necessary for 
PISE since surface charging does not appear to be a problem. 
 Comparing between electroporated and non-electroporated cells, the nucleus of 
electroporated cells are seen more obvious and the cells are slightly smaller. This may be 
due to the fact that the cells are slightly raised from the surface after electroporation due 
to a reduction in adherence. 
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Figure 5.10 Images of a cell inside the 
electrode gap with 30 μm scan size, 
and ~100 nm beam spot size. (a) 
optical microscope image (b) 
fluorescent image taken from upright 
microscope (c) PIF image (d) PISE (e) 
SEM.
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Figure 5.11 Images of a cell inside the 
electrode gap with 20 μm scan size, 
and ~100 nm beam spot size. An 
electrode is clearly seen in the image 
as the cell is close to this electrode (a) 
optical microscope image (b) 
fluorescent image taken from upright 
microscope (c) PIF image (d) PISE (e) 
SEM.
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Figure 5.12 Images of a cell outside the 
electrode gaps with 20 μm scan size, 
and ~100 nm beam spot size. (a) optical 
microscope image (b) fluorescent image 
taken from upright microscope (c) PIF 
image (d) PISE (e) SEM.
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5.6  Conclusion 
PIF images of electroporated cells were successfully taken using the modified PBW 
facility in CIBA. With a well focused proton beam, relatively high resolution images 
were achieved (~100 nm). In our experiment, PIF gives slightly better resolution than 
standard fluorescent microscopy due to the beam spot size of 100 nm being less than the 
diffraction limits of the standard optically based technique.  PISE also shows one 
advantage over the SEM technique, that of not requiring a conductive layer to avoid 
charging, although the spatial resolutions of SEM are, as expected, superior.  
Nevertheless, PISE can be used effectively for cell location, identification, and 
positioning. 
 From these preliminary results, PIF has been shown to be an interesting technique 
with high potential, since the spatial resolutions achievable in whole cells are dependent 
only on the beam spot size. A new beam line at CIBA dedicated to single cell imaging is 
expected to give much better resolution and is especially designed for imaging cells. 
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Chapter 6  
Overall Conclusion 
 
Electroporation has been studied for over two decades and has many applications in 
cellular biology and biotechnology for gene transfer and loading of cells with 
extracellular molecules, also in medicine for gene therapy, cancer chemotherapy and 
transdermal drug delivery.  
 A novel electroporation micro biochip was fabricated and reported in this thesis. For 
the fabrication of this electroporation biochip, consisting of 4 pairs of 7 um-thick nickel 
microelectrodes on the glass cover slip surface which was used as a substrate because of 
its nonconductive property. The conductive structure consisted of eight conductive 
circular pads, 1800 um diameter-size. These circular pads connect to electrodes located in 
the middle of the biochips using conducting lines, and the gap between each pair of 
electrodes was designed to perform the electroporation. The gaps were 50 um in size 
were much smaller than conventional electroporators. These small gaps, across which 
electrical pulses were applied, resulted in larger and more uniform electric field 
distributions. The Proton Beam Writing (PBW) technique was used in the fabrication 
process, since PBW is capable of fabricating well defined high aspect ratio structures 
with straight and smooth side wall and is ideal for 3D electrode production. Moreover, 
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unlike other reported electroporation biochips, our biochip can be reused (tests have 
shown approximately 24 times). The electroporation biochips were tested using N2a 
cells, which can be successfully seeded onto the chips in healthy condition.  
 In this thesis we also aimed to demonstrate the effectiveness of our biochip for single-
cell electroporation. The chip could enhance in vitro particle introduction to specific 
cells. The experiments were conducted using two fluorescent stains, Sytox® Green and 
Ethidium homodimer 2, on N2a cells with three varied parameters; pulse amplitudes, 
number of pulses, and pulse width. The Ethidium homodimer 2 was used to indicate the 
resealing of the cell. The optimised transmembrane voltage across the electroporated 
membrane was achieved at ~0.85 V. This result agrees with the voltage range (0.2-1.5V) 
of dielectric breakdown suggested by the published data [76]. With our efficient and 
easy-to-use biochip and optimized parameters, excellent transfection and survival rates 
were achieved at 82.1% and 86.7%, respectively. These rates were higher in both 
transfection efficiency and cell viability than conventional electroporators and most 
reported microelectroporators.  This result provided data for the efficient introduction of 
impermeant materials, such as drugs, DNA and protein, into individual cells.  
 Since our single-cell electroporation biochip showed that it successfully 
electroporated cells and introduced outside particles into cells, it is deemed to be a 
promising tool for gene delivery and useful for investigating the mechanism of gene 
transfection. With our single-cell electroporation biochips, future investigations could 
target fundamental kinetic and thermodynamic properties of electric-field-induced pore 
formation and properties of transpore mass transport, and diffusion. Compared to the 
Chapter 6 Overall conclusion 
150 
 
commercial electroporation equipment, for these types of studies our electroporation 
biochip is more advantages in the following aspects:  
(a) Less required cells and plasmids,  
(b) Lower electroporation voltages,  
(c) Simpler cell culturing, and  
(d) Concentrating particles to specific cells. 
 The thesis describes the first studies which demonstrate single-cell electroporation in 
N2a cells. Since these neuroblastoma cells were used as a model system to study 
neuronal differentiation [128], our study could pave the way for the recognition of the 
regulation of neural cell development.  
 Although single-cell electroporation has high potential for research into cell 
membrane transport, this type of research is still at an early stage. Due to time 
constraints, only 3 most important parameters had been considered in this study. There 
are other minor parameters such as an oxidization of electrode, temperature, buffer 
composition and wave form which can be considered and optimized in the future so as to 
achieve even higher transfection rate. Future studies may also include different cell lines 
and a wider variety of electroporated materials.  
 The effects of cell deformation on electroporation can also be addressed. Membrane 
tension contributes to the critical energy density necessary for dielectric breakdown 
[133]. Akinlaja and Sachs showed that, while short pulses (50 μs) breakdown was 
dependent on tension, at longer pulses (50–100 ms) the voltage required for breakdown 
was tension independent. They suggest that the mechanism for low field/long pulses is 
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different from that of high field/short pulses [134]. Our pulses are in the millisecond 
range and therefore we assumed that the breakdown is not greatly affected by tension. 
Nevertheless, further investigation must be pursued to resolve the mechanism responsible 
for breakdown at longer pulses. 
 The PIF and PISE techniques were utilized for the first time to image electroporated 
cells and normal cell stained with SYTOX® Green on the fabricated silicon biochip. With 
a well focused proton beam (~100 nm), the system gave good resolution and contrast 
images from both techniques. The PIF shows better resolution compared with standard 
fluorescence microscopy, since fluorescence microscopy has limits caused by the 
diffraction of light.   
 Using high energy protons, the PISE shows high contrast and the surface features of 
the cells can be clearly observed. Although the resolution of SEM is undoubtedly higher, 
PISE can be utilised effectively for identification and location of the cells.  In addition 
PISE can be improved since this experiment was of a highly investigative nature, and 
many PISE experimental parameters could be further optimised, i.e. beam spot size, to 
improve the resolution. 
 Our preliminary results demonstrated that PIF has a capability to image small 
biological samples with better quality than many commercial techniques. Further studies 
and development will undoubtedly make PIF a leading fluorescence imaging technique in 
the future and may pave the way to interesting findings in the biological and medical 
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HAMAMATSU  Metal Package Photomultiplier Tube (PMT)  R7402 
R7402 is in the R7400U series of Hamamatsu metal package photomultiplier tube. This 
series is a subminiature photomultiplier tube with a 16 mm diameter and 2 mm seated 
length. A precision engineered 8-atage electron multiplier (composed of metal channel 
dynodes) is incorporated in the TO-8 package to produce a noise free gain of 700,000 
times. The R7400U series also features excellent response time with a rise time of 0.78 
ns. The R7402 is one of the option that provides a lens input, effectively doubling the 
active area. 
 




Table A.1 Key Specifications 




Min  300nm 
Max  850nm 
Peak Sens. 400nm 
Cathode Radiant Sensitivity 60mA/W 
Window Borosilicate 
Cathode Type Multialkali 
Cathode Luminous Sensitivity 150mA/lm 
Red White Ratio 200 
Anode Luminous Sensitivity 75A/lm 
Gain 5.0E+05 
Dark Current after 30 min. 0.4nA 
Rise Time 0.78ns 
Transit Time 5.4ns 
Transit Time Spread 0.28ns 
Number of Dynodes 8 
Applied Voltage 800V 
Multi Anode N 
Notes 
Compact size. fast response time. smallest 
photomultiplier tube 
Socket Bare E678-12V 
Socket + bleeder assy. E5770 E5780 
Socket + bleeder + Amp. C5781 
Power Supply C4840 series C3360 
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